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SlM-1ARY 
A summary is given of the background and present status of the pure-
planing theory for rectangular flat plates and V-bottom surfaces . The 
equations reviewed are compared with experiment . In order to extend the 
range of available planing data, the principal planing characteristics for 
models hsving sharp chines have been obtained for a rectangular flat and 
two V-bottom surfaces having constant angles of dead rise of 200 and 400 • 
Planing data were also obtained for flat-plate surfaces with very slightly 
rounded chines for which decreased lift and drag coefficients are obtained . 
A revision of the theory presented in NACA Technical Note 3233 is 
presented for the rectangular flat plate. The revised theory bases the 
aerodynamic suction effects on the total lift rather than solely on the 
linear component. Also a crossflow drag coefficient which is dependent 
on t~e shape of the chines was found from experiment to be constant for 
a given immersed cross section ; however, for surfaces , such as those 
having horizonta l chine flare or vertical chine strips , the crossflow 
drag coefficient is constant only for the chine-immersed condition. The 
theory is extended to include triangular flat plates planing with base 
forward and V-shaped prismatic surfaces having a constant angle of dead 
rise, horizontal chine flare, or vertical chine strips. A method is also 
presented for estimating the center of pressure for surfaces having either 
rectangular or triangular plan form. The results calculated by the pro-
posed theory have been correlated only with the data considered to be pure 
planing; however, for conditions not considered pure planing, a method is 
given for estimating the effects of buoyancy. The agreement between the 
results calculated by the proposed theory and the experimental data is, 
in general, good for calculations of pure-planing lift and center-of -
pressure locat ion for flat plate, V-bottom, and related planing surfaces . 
INTRODUCTION 
Rec ent deve lopments in water- based a ircraft have resulted in config-
urations utilizing planing surfaces operating a t angles of trim, length-
beam ratio, and Froude number beyond those for which most of the avail able 
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planing theories were correlated with experimental data . In reference 1 
a preliminary review of these theories for a pure -planing r ectangular 
flat plate was made to determine whether avail able planing theories were 
adequate in estimating the planing lift in these ext ended r a nges . In 
addition to this review, a modification and addit ion to existing theory 
which is useful in predicting the lift and center of pressure for pure -
planing rectangular flat plates was presented . 
The r eview in reference 1 indicated there were no data availabl e in 
the extended ranges of combined high trim and high length- beam r atios ; 
consequently, the pricipal planing characteristics for models having 
sharp chines have been obtained in these extended r anges for a r ec t angu-
lar flat a nd two V- bottom surfaces . It was a lso noted in refer enc e 1 
that there was a difference in the lift coefficients obtained from various 
experimenta l investigations; therefore , data ha ve been obtained for rec-
tangular flat-plate surfaces having very slightly rounded chines to deter-
mine the influence of slight differences in construction at the point of 
flow separation on the lift coefficient . 
The r eview of existing theories a nd data has been extended to include 
those applicabl e to V-bottom surfaces . The theory presented in r ef er-
enc e 1 for estimating the lift and center- of-pressure location of a pure-
planing rectangular flat plate has been revised a nd extended to include 
triangular fla t plates planing with base forward and V- shaped prismatic 
surfaces having a constant angle of dead ris e , horizontal chine flar e , or 
vertical chine strips . Since water -based a ircraft oper ate a t low Froude 
numbers as well as high Froude numbers , an approximate method has a l so 
been presented for estimating the effect of buoyancy on lift coefficient . 
A 
b 
aspect ratio, b Lm 
SYMBOLS 
ratio of maximum beam to overall l ength (see fig . 40) 
beam of planing surface, ft 
drag coefficient based on square of beam, 
crossflow drag coefficient 
D 
qb2 
crossflow drag coefficient for a cross section having an 
effective angle of dead rise of 00 








drag coefficient based on principal wetted area, 
induced drag coefficient, CL stan T , 




lift coefficient due to buoyancy, (see eq. (31) ) 
lift coefficient based on square of beam, 
lift coefficient based on principal wetted area, L qS 
lift coefficient due to buoyancy based on total wedge - shaped 
volumetric displacement of the planing surfac e , ~~l (see 
eqs. (28) to (30)) 
speed coefficient or Froude number, 
drag of planing surface, lb 
dead - rise function (applied only to crossflow t erm, see fig . 2) 
acceler ation due to gravity, 32 . 2 ft/sec 2 
dead- ris e function (applied only to linear term, see f i g . 1) 
lift of planing surface, lb 
lift due to buoyancy, lb 
lift due to buoyancy based on tota l wedge - shaped volumetric 
displacement of the planing surface, lb 
l ength of planing surface, ft 
chine wetted l ength, ft 
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mean wetted length (distance from aft end of planing surface 
to the mean of the heavy spray line), ft 
center-of-pressure location (measured forward of trailing 
edge), ft 
nondimensional center-of-pressure location 
normal force, lb 
free-stream dynamic pressure , ~V2, lb/sq ft 
Reynolds number, 
principal wetted area (bounded by trailing edge , chines , and 
heavy spray line), sq ft 
horizontal velocity, ft/sec 
angle of dead rise, radians unless otherwise stated 
effective angle of dead rise (angle between a straight line 
drawn from keel to the chines and the horizontal), radians 
unless otherwise stated 
basic angle of dead rise (angle between V-shaped portion of 
mode l and a horizontal line perpendicular to keel), radians 
unless otherwise stated 
mass density of water, slugs/cu ft 
trim (angle between planing bottom and hori zontal ), radians 
unless otherwise stated. 
kinematic viscosity, sq ft/sec 
1,2,3, ... 9 used to indicate various terms in equations for lift 
coefficient 
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REVIEW OF EXISTING PLANING-LIFT THEORY 
In reference 1 the pure-planing lift equations for rectangular flat 
plates presented in references 2 to 11 were reviewed and compared with 
experiment . In addition to lift theories for rectangular flat plates, 
the present review considers V- shaped surfaces having a constant angle 
of dead rise and V- shap ed surfaces having horizontal chine flare . 
Since publication of reference 1, Farshing (ref . 12 ) presented a 
cubic equation for the lift on rectangular flat plates derived from a 
consideration of deflected mass and based on an effective angle of attack . 
The equation has the form 
CL3 + [(2. 292 - 1. 57lA)T - 2 . 379 - ~ CL2 + 
[2A + 4 + (6 . 283A - 4 . 584)~CL - 6 . 283AT o 
However, the lift coefficient obtained from equation (1) was multipli ed 




1.359 - tanh (1 8~ A) 
1.359 _ tanh(l + A\ + (T - 18°)tanh12 8A ) 90 . 53 A (4 ) 
and T is measured in degrees . 
P. R. Crewe of Sanders -Roe Ltd. (British) in correspondence vrith 
the Langley Laboratory proposed an equation for rectangular flat plates 
and a V- shaped surface having a basic angle of dead rise of 200 and 
horizontal chine flare that had a linear term with a form ana l ogous to 
airfoil lifting- surface theory . This equation, based on the data of 
Kapryan and Weinstein (ref . 13), is 
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CL,s sin T cos T[~ 1 (1 _ ~basic) + 2 sin T - B Sin~ (5) 1 + )1 + (*)2 1{ 
where 
B 2.67 (A < 2.0) 
B = 3.0 (A > 2 . 0) 
and ~ is the basic angle of dead rise in radians for a model having basic 
horizontal chine flare. 
In reference 14, Korvin-Kroukovsky, Savitsky, and Lehman proposed 
an equation for rectangular flat plates and V-shaped surfaces having a 
constant angle of dead rise that was derived primarily on the basis of 
the data of Sottorf (ref. 15)- and Sambraus (ref. 16). This formula can 
be written as 
(6) 
Locke (ref. 17) proposed that the lift characteristics of rectangular 
flat plates and V-shaped surfaces having a constant angle of dead rise can 
be presented by a power function of the form 
where K and ~ depend only on aspect ratio and are obtained from curves 
given in reference 17. 
Schnitzer (ref. 18) presented an equation for rectangular flat plates 
and V-shaped surfaces which was derived from a consideration of two-
dimensional deflected mass and was modified for three-dimensional flow by 
Pabst's empirical aspect -ratio correction factor (ref. 19) and Bobyleff's 
flow coefficients presented in reference 20. The equation can be written 
in the form: 
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The term ¢, which is dependent on aspect ratio, and the term B, which 
is dependent on angle of dead rise, are given in references 19 and 20, 
respectively . For the case of a flat-plate planing surface, equation (8) 
reduces to 
In reference 21, Brown presented empirical equations based on 
deflected-mass considerations for rectangular flat plates and V- shaped 
surfaces having a constant angle of dead rise . The equat ions for a flat 
plate can be written in the form : 
and 
2n 
cot ~ + n + (2 cot; - n) : 
(1 .67 sin T + 0 . 09)sin T cos T~ - :~) + 3 ::t T 2~ 
"2 
For a surface having a constant angle of dead rise, 
and 
;'~ sin T + o . o~ sin T cos T ~ _ ~k; ~r~ + 
where 
b 2k,cr = 2 cot T tan f (14 ) 
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which is defined as the critical keel wetted length . For surfaces having 
a constant angle of dead rise and a transverse step , the critical keel 
wetted length is defined as the keel wetted length at which the still-
water line passes through the rearmost point of the chine . For the f l at 
plate the value of the critical keel wetted length was assumed, after 
analysis of experimental data, to be equal to the beam. 
PROPOSED THEORY 
Lift 
In reference 1 an equation for the lift on a rectangular flat plate 
was developed from a consideration of linear and nonlinear components of 
lift (an approach generally used in low-aspect- ratio and slender-body 
airfoil theory) . In the present report this equation is revised and 
extended to include V-bottom surfaces . The equation is divided into 
three parts : (1) a reasonably accurate approximation to the linear com-
ponents of lift is made; (2) a method for calculating the crossflow 
effects is presented; and (3) an estimation of the aerodynamic leading-
edge suction is made . 
Linear term.- The linear term is determined in reference 1 from a 
consideration of the lifting-line theory and is given by 
This relation gives the linear component of lift on a pure -planing flat 
plate . 
In references 3 and 18, a dead-rise function was determined from a 
consideration of an iterative solution made by Wagner (ref . 2) for the 
impact force on a V- bottom surface immerSing with a constant vertical 
velocity . The dead- rise function can be written 
This dead - rise function (developed for application to equations derived 
from virtual mass concepts) does not correlate we l l with experiment when 
applied to equation (15) for angles of dead rise above approximately 250 • 
Therefore, another dead - rise function 1 - sin ~e which correlates well 
with experiment up to angles of dead rise of 500 is used ; thus, 
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(16) 
This expression is for the linear component of lift on rectangular flat 
and V-bottom planing surfaces . A comparison of the dead- rise function 
1 - sin l3e with the dead- rise function based on Wagner ' s solution is 
given in figure 1. 
Crossflow effects.- For a simple theoretical consideration of the 
crossflow effects, the velocity component perpendicular to the" surface 
of a flat plate is assumed to be of the magnitude V sin T . The flow 
is projected into components perpendicular to and parallel to the planing 
surface, and the drag force assoc i ated with the flow perpendicular to the 
planing-surface is calculated . The normal force on a flat plate, there-
fore, is 
Then 
is a lift coefficient due to crossflow effects, and is proportional to 
sin2T. This relation is the concept presented for airfoils by Betz in 
reference 22 . The crossflow drag coefficient CD c used in this ele -, 
mentary derivation of the crossflow term was assumed in reference 1 to 
be one-half the value CD c = 2 generally used for aerodynamic surfaces . , 
The value of CD,c is known to vary with the shape of the cross section 
and to be sensitive to local shape at the edges . Si nce the theoretical 
determination of these effects is very difficult and the simple cases 
which have been solved have not correlated with experiment, the analysis 
of suitable experiments will generally provide the easiest and most 
accurate method of determining en c. 
" , 
For the case of the V-bottom the theoretical effect of dead rise 
is given by Bobyleff in reference 20 for a bent lamina, the section of 
which consists of two equal straight lines forming an angle . Bobyleff ' s 
flow coefficient, which can be approximated by cos l3 e (see fig . 2 ) , 
represents the ratio of the resultant pressure on a V- bottom to that 
experienced by a flat plate of the same beam in normal flow ; thus, 
C ~C) . 2 L 4 = D Q~" Sln T cos T cos l3e , ,c I-'e~v (18) 
which is the crossflow component of lift . 
10 NACA TN 3939 
Suction component of lift .- An airfoil has a suction component of 
lift due to the large negative pressures produced by the flow around the 
leading edge of the a i rfoil ; however , for a planing surface where there 
is no flow around t he leading edge, this suction does not appear . In 
the strictest sense the suction component of lift shoul d be based only 
on the linear term (see ref . 1); however, comparison of experiment with 
theory indicate that better agreement is obtained if the suction component 
of lift is based on CL 2 + CL 4 . Therefore, the lift is l ess than that , , 
predicted by equations (16) and (18) by an amount 
Total lift .- The total lift on pure- planing surfaces can be obtained 
from the sum of the linear component of lift (eq . (16)) and the crossflow 
effects (eq . (18)) minus the suction component of lift (eq . (19)); thus, 
by combining terms 
[
0 . 5:rrAT 2 (1 cos T 
1 + A 
. 2 Sln T cos 
(20) 
where 
0 · 5:rrAT cos2T(1 _ ) sin l3e 




For equation (20) to predict adequately the lift on tr i angular sur-
faces planing with base forward, it has been necessary to define the aspect 
ratio as the ratio of maximum beam to overall length ; that is, At = b/L. 
Application of Lift Theory 
In order to use equation (20) to predict the lift of p l aning surfaces, 
only the determination of the proper value of CD c is required . Values ) 
NACA TN 3939 11 
of Go,c for various chine configurations for which experimental data 
are available are presented in figure 3. For a given model CD,c did not 
vary with trim or length-beam ratio. Also it can be seen that, as long 
as the angle of dead rise was constant for the entire beam, CD c did , 
not vary with the angle of dead rise. 
Rectangular flat and V-bottom surfaces having a constant angle of 
dead rise.- The crossflow drag coefficient for the sharp-chine models 
was determined from tests (from ref. 23 and data presented in the present 
report) to be 4/3. This value is two-thirds the value given for a two-
dimensional flat-plate airfoil; thus, from equation (20) 
(23 ) 
The relative magnitudes of the total lift (eq. (23)), the total 
lift before removal of lift due to leading-edge suction (eq. (16) plus 
eq. (18) with CD ,c = ~), and the crossflow term (eq. (22) with CD ,c = ~) 
is shown in figure 4 for surfaces having angles of dead rise of 00 , 200 , 
and 400 • 
Horizontal chine flare.- The total lift on a pure-planing V-shaped 
prismatic surface with horizontal chine flare similar to the models shown 
in figure 5 can be determined from equation (20). The crossflow drag 
coefficients CD c determined from data presented in references 13, 24, , 
and 25 are given in figure 3. 
Vertical chine strips.- The total lift on a pure-planing V-shaped 
prismatic surface with vertical chine strips similar to the models shown 
in figure 6 can be determined from equation (20). The crossflow drag 
coefficients determined from the data presented in references 25 and 26 
are given in figure 3. 
Triangular flat plate.- The total lift on a pure-planing triangular 
flat plate planing with base forward can be estimated from equation (23) 
if the aspect ratio is defined as the ratio of the maximum beam to the 
overall length or At = b/l; thus, 
(24) 
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Center of Pressure 
The center of pressure on a planing surface may be determined from 
the lift coefficients given by equations (21) and (22) and by estimating 
the location of the center of pressure of these two components of the 
total lift coefficient for a given planing-surface plan form . 
Rectangular plan form.- The center of pressure of the component of 
lift given by equation (21) is ·assumed to be located at seven-eights of 
the mean wetted length from the trailing edge of the planing surface. 
This location is between the three-quarter-chord position generally 
assumed in lifting-line theory and the position obtained from the pre-
diction of no lift behind the section maximum width for low- aspect-
ratio airfoils (ref. 27). 
The center of pressure for the lift due to crossflow effects is 
generally assumed to be located at the center of the area in airfoil 
theory. Therefore, the center of pressure for the component of lift 
given by equation (22) is assumed to be located at the center of the 




Ic 6+ lc 8 L, 2 L,7 
CL,S 
(25) 
where CL,6 is given by equation (21), CL,7 is given by equation (22), 
and CL S is given by equation (20). , 
Triangular plan form.- The center of pressure of the component of 
lift given by the first term on the right -hand side of equation (24) is 
assumed to be located at the mean of the heavy spray line which is approx-
imately the section of maximum wetted width. 
The center of pressure for the component of lift given by the second 
term on the right -hand side of equation (24) (that is, the crossflow term) 
is assumed to be at approximately the center of the wetted area; thus, 
( LcP) Lm calc 
2 
CL,8 + 3" CL,9 
CL,S 
(26) 
and is the center-of-pressure location for triangular flat plates planing 
with base forward. The value of CL,S is determined from equation (24) 
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where CL 8 and CL 9 are given by the first and second terms on the , , 
right-hand side of equation (24 ), respectively. 
Co~parison of Proposed and Previous Planing Formulas 
A comparison of the values of lift coefficient (plotted against 
trim for constant length-beam ratio) calculat ed from the proposed theory 
(eq. (20)) and f rom previous summarized planing formulas is given in fig -
ures 7 to 10 and an index to the comparison is given in the following 
t able: 
Equation (20)* compared with planing 
formulas presented in - Lift coefficient val ues 
Configuration presented in figure 
Reference Equation 
4, 5 , 6 , and 7 ------------------------ 7(a) 
8 , 9, and 10 ------------------------ 7(b) 
Rectangular flat plate -------------- (7), (9) , (10) , and (11) 7(c) 
-------------- (2) , (5) , and (6) 7(d) 
1 ------------------------ 7(e) 
11 ------------------------ ** 
V-shaped surface having -------------- (6) and (7) 8(a) 
a constant angle of -------------- (8), (12), and (13) 8 (b) 
dead rise of 200 
V- shaped surface having -------------- (6) and (7) 9(a) 
a constant angle of -------------- (8) , (12) , and (13 ) 9(b) 
dead rise of 400 
V-shaped surface having -------------- (5)*** 10 
an angle of dead rise 
of 200 and horizontal 
chine flare (f3e = 160 ) 
*value of CD c of ~ (see eq . (23)) used unless otherwise noted . 
, 3 
**Lift coeffiCients were not plotted since the results depended on the airfoil 
data used . 
***Value of CD,c of 1 . 59 used in equation (20) . 
-
In figure 11 the values of lift coeffici ent (plotted against mean-
wetted-length--beam ratio for constant trim) calculated from the proposed 
theory (eq . (23 )) and planing formulas as presented in references 14, 17, 
18, and 21 ar e compared with the data of the present r eport (see 
t ables I(a ), II, and III) and r ef er enc es 23 and 28 for models having 
angles of dead rise of 00 (fig. ll(a )), 200 (f ig. ll(b)), and 400 
(fig. ll(c)). Only the theories that apply to both flat-plate and 
V-shap ed surfaces have been compared in figure 11. 
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It can be seen from figures ll(a) to ll(c) that none of the pl aning 
formulas presented in references 14, 17, 18, and 21 are adequate for 
estimating the lift coefficients for either flat -plate or V-bottom planing 
surfaces, whereas the lift coefficients calculated from the equation pro-
posed in the present report (eq. (23)) agree very well with experiment. 
The equation presented in reference 12 (eq . (2)), however, gives a good 
approximation of the lift coefficient for a flat plat~ . (See fig . 7(d).) 
EXPERIMENTAL INVESTIGATION 
Description of Models 
The models used for this investigation had a beam of 4 inches and 
a length of 36 inches. The models shown in figure 12 for a flat plate 
and surfaces having angles of dead rise of 200 and 400 were constructed 
of brass and are the same models investigated in references 23 and 28 . 
Additional flat -plate models that had sharp chines, 1/64 - inch- radius 
chines, and 1/16 - inch- radius chines were constructed of plastic . (See 
fig. 13.) The model with the 1/64-inch- radius chines was made by rounding 
the chines on the sharp-chine model after the tests with the sharp -chine 
model had been completed. The plastic models were backed with a 1/2-inch 
reinforcing steel plate . 
Apparatus and Procedures 
The experimental investigation was made with the main towing carr i age 
in Langley tank no . 2 and existing strain- gage balances which independently 
measured the lift, drag, and moment . The lift and drag were measured with 
the balances capable of measuring: (1) 600 pounds of lift and 250 pounds 
of drag, and (2) 1,000 pounds of lift and 600 pounds of drag . The moment 
was measured about an arbitrary point above the model. The t ests were 
made with the wind and spray shield installed, as shown in figure 14, 
unless otherwise indicated . 
The wetted areas were determined from underwat er photographs made 
with a 70 -millimeter camer a mounted in a waterproof box located at the 
bottom of the t ank . The camera and high- speed flash l amps were set off 
by the action of the carriage interrupting a photoelectric beam . The 
wetted length was obtained from markings on the bottom of the models . 
In order to assure a very smooth bottom, the markings on the brass models 
were erased except in the region of the heavy spray line. (See fig . 15.) 
The plastic models had markings each 1/2 inch for the full l ength of the 
model s . 
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The force measurements were made at constant speeds for fixed angles 
of trim. The change in trim due to structural deflection caused by the 
lift and drag forces on the model was obtained during the calibration of 
the balances and the trim of the model was adjusted accordingly before 
each run. Slight adjustments to lift and resistance to correct the data 
to the deSired trim were made after completion of tests for the cases 
where the forces or center - of-pressure location were different from the 
values u~ed to estimate the trim due to structural deflection . The change 
in trim due to structural deflection did not exceed 0.20 for most condi -
tions although in a few cases changes up to 0.60 oc·curred . 
The aerodynamic forces on the model and tOWing gear were found to be 
negligible when the wind screen was used. The aerodynamic tares were 
subtracted from the data when the wind screen was not used . 
The accuracy of the quantities measured are believed to be within 
the following limits : 
Lift, lb 
ReSistance, lb 
Trimming mo~ent, ft - lb 
Wetted length, ft 
Trim, deg • . • . 
Speed, ft/sec • 
. . . 
. .. . 
. . . 
±5 . 0 
±3 . 0 
±3 . 0 
• • • ±O . 01 
• • • • • • ±O . 15 
• • • • ±0 . 20 
The forces were converted to coefficient form by using a measured 
value of density of 1 . 942 slugs/cu ft. The kinematic viscosity measured 
during the tests varied from 1 . 53 x 10-5 sq ft/sec to 1 . 80 x 10-5 sq ft/sec . 
RESULTS AND DISCUSSION 
General 
The lift coefficient, resistance coeffiCient, ratio of wetted length 
to beam, ratio of center -of-pressure location to mean wetted length, speed 
coefficient, and kinematic viscosity are presented at given trims in 
tables I to III for all models . The lift and drag coefficients are 
expressed both in terms of the square of the beam and in terms of prin-
Cipal wetted area . 
Sharp chines .- The lift coefficients and center- of-pressure location 
for the sharp - chine models are considered in the section "Comparison of 
Theory and Experiment for Lift . " 
The resistance data for the sharp -chine brass models having constant 
angles of dead rise of 00 , 200 , and 400 are presented in figure 16 as 
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plots of the variation of drag coefficient CD S and induced drag coef-
, 
ficient Cn,i (whiCh is equal to CL,S tan T) with mean-wetted-length--
beam ratios for given trims. The difference between the solid and dashed 
lines represents the friction drag. (Since the data were obtained for 
speeds above the critical speed of wave propogation for the 6-foot-deep 
tank, there is no wave drag due to transverse waves included; however, 
there may be some drag due to spray or other causes included in this 
difference.) At high trims and low length-beam ratios the induced drag 
exceeds the total drag and indicates an apparent negative friction force. 
(This result was previously reported in ref. 23.) The volume of forward 
spray is large at high trims and appears to have a high forward velocity 
with respect to the model. The relative velocity of the model in the 
region of forward spray therefore is effectively reversed (see fig. 17) 
so that the friction drag due to this spray acts in a direction opposite 
to that of the drag in the principal wetted area and thereby reduces the 
total drag. Therefore, at low length-beam ratios where the friction drag 
is small, this negative friction drag due to forward spray may cause a 
negative friction force at high trims. 
The variation of tk - lc with trim for the models having sharp b 
chines ~d constant angles of dead rise of 00 , 200 , and 400 is given in 
figure 18. At a trim of 120 , the value of ~k - ~c is approximately b 
constant for all length-beam ratios for the models having constant angles 
of dead rise of 00 , 200 , or 400 • At high trims, however, the values of 
lk - lc 
b for the flat-plate model increase with increase in length-beam 
ratio, are approximately constant for a given trim for a model having a 
constant angle of dead rise of 200 , and decrease with an increase in 
length-beam ratio for a model having a constant angle of dead rise of 
400 • The value of lk - lc f th fl t 1 t d 1 d ·th b or e a -p a e mo e ecreases Wl 
increase in trim at low length-beam ratios and increases with increase 
in trim at high length-beam ratiOS; however, the value of lk - lc b 
decreases with increase in trim for all length-beam ratios for the models 
having constant angles of dead rise of 200 'and 400 • 
Wind screen and spray shield.- The lift coefficient for the flat-
plate model with wind screen and spray shield removed (aerodynamic tares 
subtracted) was approximately the same as the lift coefficient obtained 
when the wind screen and spray shield were used. (See fig. 19.) At a 
trim of 120 the drag coefficient for the flat-plate model with the wind 
screen removed was approximately the same as the drag coefficient obtained 
with the wind screen installed (see fig. 20); however, for a trim of 180 
the drag coefficient of the flat plate with the wind screen removed was 
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l ess than that obtained when the wind screen was used even before the 
aerodynamic tares were subtracted. The value of the difference is in 
the wrong direction to be explained by the aerodynamic tares. (The 
aerodynamic tares subtracted were less than the difference in fig. 20.) 
The variation of the center-of-pressure location with mean length-beam 
ratio on the flat-plate model was approximately the same for data taken 
with and without the wind screen and spray shield installed. (See 
fig. 21.) 
Speed.- The effect of speed at high trims (240) is shown in fig-
ures 22 to 24. The variation of lift coefficient, drag coefficient, and 
center -of -pressure location is approximately the same for speeds of 30 
and 60 feet per second for 4-inch-beam prismatic models having constant 
angles of dead rise of 00 , 200 , and 400 ; therefore, there was apparently 
no speed effect for this range of speeds. 
Rounded chines.- The effect of 1/64-inch-radius and 1/16-inch-radius 
chines on the lift coefficient, drag coefficient, center-of-pressure loca-
tion, skin-friction coefficient, and lift-drag ratio of a 4-inch-beam 
rectangular flat plate is shown in figures 25 to 29. Rounding the sharp 
chines of the flat -plate model to radii of 1/64 inch and 1/16 inch resulted 
in a decrease in lift and drag coefficients; however, the center-of-
pressure location, skin-friction coefficients, and lift-drag ratios 
remained approximately the same . A decrease in lift of approximately 
5 and 9 percent resulted from rounding the sharp chines to a radii of 
1/64 inch and 1/16 inc~, respectively. (See fig. 25 .) A decrease in lift 
for a small rounding of the chines was also observed by Perry (ref. 29). 
The variation of skin-friction coefficient with Reynolds number for 
a trim of 80 is presented in figure 28 for a flat-plate model having sharp 
chines and 1/16-inch-radius chines. The agreement between the data and 
the Schoenherr turbulent-flow line indicates that, at low trims and high 
Reynolds numbers, the drag can be calculated with reasonable accuracy from 
where Cf is determined from the Schoenherr turbulent flow line. (See 
ref. 30.) The lift-drag ratios at high trims are influenced little by 
the chine condition; however, at low trims (80 ) the lift-drag ratios for 
the sharp -chine models are slightly higher than those for models having 
rounded chines . (See fig. 29 . ) 
Pure planing.- The experimental da t a were considered as pure planing 
if the lift coefficient due to buoyancy based on the total wedge-shaped 
volumetric displacement of the planing surface CL,VOl did not exceed 
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a given value. The lift coefficient due to buoyancy was calculated from 
the wedge-shaped volumetric displacement of the planing surface below 
the level water surface given by 
Lm 1 
CL,Vol = 1) 2C~ sin 2T (28) 
for rectangular flat plates and 
CL,Vol = 
for rectangular surfaces having dead rise and 
C 1 1 sin 2T 
L, Vol = b 3CV2 (30 ) 
for triangular flat plates with straight leading edge and pointed trailing 
edge. 
The allowable lift coefficient due to buoyancy CL,VOl' as determined 
from equations (28) to (30), was arbitrarily selected as 0.01 at a trim 
of 160 • The maximum allowable lift coefficient due to buoyancy CL,Vol 
for other trims was determined by drawing a straight line from zero trim 
(and zero lift coefficient due to buoyancy CL,VOl) through the value 0.01 
at a trim of 160 on a curve of the variation of lift coefficient with trim. 
For the flat-plate data the maximum allowable lift coefficient due to 
buoyancy CL Vol selected by this method at a trim of 20 varied from , 
16 percent of the predicted lift coefficient at a l ength-beam ratio of 
8 to 3.3 percent of predicted lift coefficient (eq. (23)) at a length-
beam ratio of 1/2. These values decreased with increasing trim so that 
at 300 they would vary from 6.6 percent at a length-beam ratio of 8 to 
3.0 percent at a length-beam ratio of 1/2. The permissible lift coef-
ficient for surfaces having dead rise is, in general, a slightly greater 
percentage of the predicted lift coefficient than the values given for 
the rectangular flat plate . 
Buoyancy .- The experimental lift coefficients given in reference 31 
less the lift coefficients calculated from equation (20) with CD c = 1.15 , 
plotted against the lift coefficient due to buoyancy CL,Vol calculated 
from equation (28) are plotted in figure 30. Since equation (20) with 
CD c = 1 .15 is approximately the pure-planing lift for the model inves-, 
tigated in reference 31 (see fig . 32(c)), the subtraction of this value 
from the experimental lift coefficients should indicate the amount of 
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lift due to buoyancy present in the data. Only values of the difference 
between the experimental lift coefficient and the calculated lift coef-
ficient greater than 0 .01 are considered since) for small differences 
between exper imenta l and calculated values) this method is not consid-
ered to be sufficiently accurate to determine the lift coefficient due 
to buoyancy present in the experimental data; however) this method should 
give reasonably accurate indications of the lift coefficient due to 
buoyancy present in the experimental data for the cases where the lift 
ceefficient due to buoyancy is large. Figure 30 shows that the magni -
tude of the lift coefficient due to buoyancy for different speeds is 
approximately one-half the lift due to buoyancy based on the total wedge -
shaped volumetric displacement computed by equation (28); therefore) a 
rough empir ical approximation of the increase in lift coefficient due to 
buoyancy can be calculated with reasonable accuracy from 
where CL)Vol is given in equations (28) to (30). For low trims (40 ) a 
lift coefficient due to buoyancy greater than that given by equation (31) 
is required to account for the additional lift coefficient due to buoyancy 
as indicated by the flagged symbols in figure 30. 
Comparison of Theory and Experiment 
Lift .- Only the experimental data indicated as pure planing by the 
method discussed in the preceding section are considered for the com-
parison with theory. Also) the data considered are only for the chine -
imnersed condition. The theory i s applicabl e to the non-chine-immersed 
condition; however) for surfaces having other than a constant angle of 
dead rise such as those having horizontal chine flare or vertical chine 
strips) the shape of the cross section varies) and) therefore) the cross -
flow drag coefficient would not be the same value as that determined for 
the chine - immersed condition . The values were calculated from the pro -
posed theory as if there were no non-chine-immersed conditions . For the 
non- chine-immersed condition) the lift coefficient for a surface having 
a constant angle of dead rise is approximately the value determined at 
the instant of chine immersion and is a constant for a given trim and 
angle of dead rise . (The length- beam ratio is approximately a constant 
value for all non- chine- immersed conditions for a given trim and angle 
of dead rise.) 
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In order to simplify the comparison, the data are summarized in the 
following ·t able: 
Data to be compared -
eonrIguratlon Description ot Data presented R~" model used Equatloo or Exper1acntal. data in tlgure -
present paper - of reference -
4-1nch-beom bran model ) .. _ .. _._ ... __ .... )1(a) 1 Agr.""""t """" ex.ept at t.r .... 
above approx1lllately }a0 at lar~ 
Sharp chine plastic model --------------------- }1(b) length-beom ratios 
iI-1nCh_beWD braes !DIXiel 
(2}) 
2} }1(.) Agreelllent good 
Various lDOdela 12, '2, 31, 33. }1i, }1(d) to }1(k) ~t good ; acme d1tterencea I 16, 15, and 2') .... 1 th YOOden mode1.a 
.. -1nch-beNII plastic lIOdel 
1 
v ith l/l6-1nch-radlU8 cb.inea Present paper }2(a) and }2(b) "0,. rl!'duced to l.l~ and 1 . 20 Rectangular nat. and l!64-1nch-rndlus chines 
plate 
(20) Models used in reference data had 
I 
either al.1ghtly rounded or roushened 
Wooden ocxkl (snme model chinca and reduced ve..luea of CO,e: 
uued in both ret . }l and }';l) 31, '2. and 35 }2(c) to }2(.) resulted . In case of reference " 
the chines had grellter chine radius 
or roughnes. aa a result ot vear in 
use ; f'urther reductIon in CD,e 
resulted. 
Wl~ ~e of dead riae I 26 and 25 }} (, .,..,."...,t """" .xcept tor tr .... above WIth angle of dead r iee 28 and 25 ". approxUlBtel,y }CO of 400 Bade V-surface (2}) Agr~eDt sood tor l ength- beMI ratios above '.0; belOli ~ value the 
With anale or deed rise }6 
experimental. data faUed to sbov the 
of 500 l }5 usual. 1nc: rease in CL .. l.,/b decreased . S:lJI1lar etfect sl1ght~ 
evident in fig . }4(b) for II. 40°. 
V- surface Wi:; ~r~~!i~; ~e 
} ("0 ,. (20) { 
l.)nnd25 }6 Agreement good. 
v ith horizontal vnlue !rom tig . }) 
chine flare With an effective angle 
...... 25 }7 Agreement lPOd 
or deod rise ot ,~47 ' 
With an et'tectlve angle 
} \"0,. 
26 }8 AUeement good. V- aurtace of dead riae ot 15°'" (20) { 
v ith vertieal value !rom f18 . }) 
eh1ne strip With an ettec:t.1ve angle 26 }9 Agreement good. 
or dead rise ot '1~9 ' 
Triangular flat Agreement good. up to tr1ma of 1~ . Wooden 8w-faces (aee ( .. ) }l and unpublished 
" 
Values lover than thoSe at tr.1JlJ of plate (bue fig . 40) tank no . 2 da tn roo; ebines IIIltJ be sl1.ghtl,y rounded forward. ) Binee they are made ot' vood . 
Some of the experimental data that were obtained with wooden models 
(for example , see r ef. 31) were lower than the values predicted by the 
proposed theory; this difference is thought to be due to the influence 
of the local shape at the edges (slightly rounded or roughened chines). 
The effects of Reynolds number, scale, and nonuniform chine radii 
on CD c have not been determined because of the limited data available. , 
The lift on various pure-planing surfaces with rectangular or tri-
angular plan forms similar to those considered can be estimated by changing 
the value of the crossflow drag coefficient CD c for a given configura-, 
tion. Va lues of the crossflow drag coefficient should be determined from 
t ests; however, reasonably accurat e approximations that are satisfactory 
for engineering calculations can probably be made (see fig. 3) that will 
approximate the pure-planing lift for surfaces similar to those considered 
herein. 
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For planing surfaces that vary consider ably from those considered 
herein, only data for a given angle of trim and aspect r a tio (for a given 
effective angle of dead rise) ar e required to determine the va lue of CD,c 
from equation (20). (The experimental values of lift coefficient, trim, 
aspect ratio, and effective angle of dead rise are substituted into equa-
tion (20), which is then solved for the value of CD c.) Since the value , 
of CD c is a constant for a given planing-surface crosS section, the 
, 
lift coefficient for wide ranges of trim and aspect r atio can then be 
es timated. If values of Cn,c are obta ined for two or more effective 
angles of dead rise for a given type of planing surface, the value of 
CD,c for similar surfaces having a differ ent effective angle of dead rise 
can be estimated by interpolation. Therefore, in order to calculate the 
lift coefficient from equation (20) for wide ranges of trim, length- beam 
ratio, and effective angle of dead rise for a given family of planing 
surfaces, only a very few t est points are required. 
Center - of-pressure location. - A comparison of theor y and experiment 
for the center of pressure is given in the following t able : 
Data to be compared -
Configuration 
Description of Equation of Data presented 
model used Experimental data in figure - Remarks present paper 
(a) of reference -
Rectangular flat plate 4-inch-beam brass model (25) 23, 31 , and 25 42 Good agreement 
IIi th angle of dead rise (25) 25 and 28 43 Good agreement 
of 2(j> 
Basic V-surf'ace IIi th angle of dead rise (25) 25 and 28 44 Good agreement 
of 400 
lIith angle of dead rise (25) 36 45 Good agreement 
of 5QO 
lIith an effective angle (25) 13 and 25 46 Good agreement 
V - surface with of dead rise of 16
0 
horizontal chine flare lIith an effective angle (25) 24 and 25 47 Good agreement 
of dead rise of 3~47 ' 
lIith an effective angle (25) 26 48 Good agreement 
V-surface with vertical of dead rise of 15
0 33 ' 
chine strips lIith an effective angle (25) 26 49 Good agreement 
of dead rise of 310 59 ' 
Triangular plan form Wooden surfaces (see (26) 31 and unpublished 50 Good agreement fig . 40) tank 00. 2 data 
"The values of CD,c for equation (25) were determined from figure 3 . 
CONCLUDING REMARKS 
The principa l planing characteristics for ~odels have been obta ined 
in extended r anges of trim and length-beam r atio for a rectangular flat 
plate a nd two V-bott om surfaces; therefore , force approximations for 
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water-based aircraft can be made in these extended ranges with more con-
fidence. The data obtained for rectangular-flat-plate surfaces having 
very slightly rounded chines indicated that slight differences in con-
struction at the point of flow separation can result in decreased lift 
an:! drag coefficients obtained for a given flat-plate configuration; 
however, the center-of-pressure location, skin-friction coeffiCients, 
and lift-drag ratios remained approximately the same for the trims tested 
(80 to 180 ). These data showed that slight differences in construction 
at the point of flow separation were probably the reason for the differ-
ences in experimental data obtained for a given configuration by various 
experimenters . 
The proposed theory appears to predict with engineering accuracy the 
lift and center-of-pressure location of rectangular flat plates, triangular 
flat plates planing with base forward, and V-shaped surfaces having a con-
stant angle of dead rise, horizontal chine flare, or vertical chine strips. 
A reasonably accurate approximation can probably be made for the crossflow 
drag coeffic i ent of a given model that will result in satisfactory engi-
neering calculations of lift and center of pressure for pure-planing 
surfaces similar to those considered in the present report . Also, the 
proposed theory (which can be applied to both the chine-immersed and the 
non-chine-immersed condition) together with the method for approximating 
the lift coefficient due to buoyancy gives a reasonably accurate method 
for estimating the lift characteristics of planing surfaces for a wide 
range of conditions. 
Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., November 23, 1956. 
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TABLE I 
EXPERlMENTAL PLANmG DATA OBTAINED FOR A Jill:TANGULAR FLAT PIATE 
(al Brass model having sharp chines 
Trim, Cv :.c. ~m :t... ~cp v, CD,b CL,b CD,S CL,S T, deg b b b r;;;- sq rt/sec 
r~ 1.59 1.64 1. 66 0·705 1.80 X 10-5 0.061 0. 285 0.037 0.174 18.13 2.66 2·72 2·74 .744 1.80 .087 .375 .032 .138 18.19 3.68 3.74 3.77 .714 1.78 .108 .453 .029 .121 12 18 .19 4.82 4.85 4 .87 .687 1.78 .126 . 524 .026 .108 
18.19 5.60 5.65 5.68 .694 1.78 .141 . 582 . 025 .103 
18 .17 6.74 6.80 6.82 .652 1.67 .156 .646 .023 .095 
18 .38 7·70 7.76 7.78 .663 1.76 .171 .698 . 022 .090 
r
u 1.76 1.82 1.84 . 706 1.80 .104 .389 .057 .214 
18.16 2.91 2· 97 3.00 .698 1.80 .146 .517 .049 .174 
18.19 3.82 3.89 3.92 .700 1.78 .175 .615 .045 .158 
15 18.19 4.98 5.06 5.10 .673 1.78 .213 .739 .042 .146 
18.22 5·79 5.84 5.86 .669 1.67 .234 .806 .040 .138 
18.10 7.00 7·05 7·07 .659 1.78 . 261 . 902 .037 .128 
18.32 7.74 7·80 7.84 .660 1.76 . 281 . 959 .036 .123 
18 .13 1.82 1.88 1.92 ·701 1.80 .160 .485 .085 .258 
18.16 3.01 3.05 3.07 .681 1.80 .220 . 656 . 072 .215 
18 .16 3.88 3 . 93 3 .95 .678 1.78 .263 .786 .067 . 200 
18.19 4.45 4.49 4.51 .665 1.78 .287 .853 .064 .190 
18 18.13 5. 92 5. 96 5. 98 .655 1.78 . 352 1.025 .059 .172 
18.19 6.88 6. 92 6. 94 .646 1.67 .388 1.135 .056 .164 
18 .53 6. 91 7.00 7.04 .639 1. 56 .385 1.141 .055 .163 
18.53 7·93 7.99 8.02 .640 1.56 .431 1. 270 .054 .159 
18.19 8.02 8.07 8.10 .641 1.67 .444 1. 283 .055 .159 
18.13 1. 95 2.00 2.02 .676 1.80 .226 . 582 .113 .291 
18.13 2.75 2.80 2.82 .695 1.80 .300 .764 .107 . 273 
18.16 2.88 2. 92 2. 95 . 685 1.63 .307 . 780 .105 . 267 . 
18 .13 4.08 4. 12 4.14 .660 1.78 .379 .964 . 092 .234 
21 18 .19 5 .14 5. 19 5·22 .645 1.78 .441 1.111 .085 .214 
18 .04 5. 98 6.04 6.07 .629 1.78 .495 1.244 .082 .206 
18 .38 7 ·10 7.16 7.20 .632 1.56 .566 1.425 · 079 .199 
18 .22 7.13 7·18 7.22 .638 1.67 . 582 1.429 . 081 .199 
18.44 7·99 8 .03 8.05 .620 1. 76 .610 1.510 .076 .188 
18 .13 .79 .82 .84 .745 1.63 .171 .387 . 209 .472 
18.19 1.99 2.04 2.07 .673 1.80 .304 . 685 .149 .336 
18.16 3.12 3.16 3.19 .678 1.80 .427 . 942 .135 .298 
18 .13 4.06 4.12 4.14 .644 1.78 .5il 1.121 .124 . 272 
18 .19 5 .16 5.22 5.24 .633 1.78 .606 1.315 .116 .252 
24 18 .59 5. 94 6.01 6.04 .642 1.56 .686 1.480 .il4 .246 18.19 6.12 6.17 6.20 .635 1.67 .697 1.512 . il3 . 245 
18.59 7·02 7.09 7.12 .636 1. 56 . 787 1.680 .111 . 237 
18. 50 8.10 8 .15 8.18 .610 1. 56 .864 1.866 .107 .229 
9.13 3. 00 3.04 3·07 .660 1.63 . 413 . 912 .136 .300 
9.15 4 .06 4.11 4.14 .635 1.63 . 514 1.122 .125 . 273 
9.16 5·13 5. 21 5. 24 .628 1.63 • 604 1.318 .116 . .253 
18.25 .95 1.00 1.02 .757 1. 63 . 296 . 520 .296 .520 
18. 25 2.03 2.09 2.12 . 662 1.63 .493 .851 . 236 .407 
18 .22 3.02 3.08 3.11 .687 1.63 .662 1.127 .215 . 366 
18 .33 4. 24 4.57 4.36 .582 1.56 .850 1.474 .186 .323 
30 18 .32 5.37 5.44 5.51 .620 1.56 1.035 1.744 .190 .320 18.47 6. 21 6.31 6 .36 .607 1. 56 1.148 1.986 .182 .315 
18 .50 7.03 7.12 7.16 ----- 1.56 ----- 2.177 ----- .306 
9·19 5.26 5.33 5.36 .645 1.63 1.002 1.748 .188 .328 
9.16 4. 25 4.32 4.36 .649 1.63 .829 1.417 .192 .328 
9.16 3.03 3 .10 3.16 .685 1.63 .639 LUI .206 .358 
r~ · 97 1.03 1.06 .742 1. 103 .381 . 582 .371 . 566 18 .13 2.00 2.06 2.09 .674 1. 63 .623 . 914 .303 .444 34 18.13 3.25 3.32 3.36 .615 1. ::>6 . 871 1. 256 .262 . 378 18 . ~2 4.25 4.37 4.42 .632 1. ')6 1.124 1.600 .257 .366 
18 .28 5.38 5.49 5.54 . 598 1. 56 1.351 1.928 .246 .351 
18.65 6.47 6 .57 6.62 ----- 1. )6 ----- 2.227 ----- .339 
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TABLE 1. - Continued 
EXPERJMENTAL PLANING DATA OBTAINED FOR A RECTANGULAR FLAT PLATE 
(b) Brass model having sharp chines; no wind screen 
Trim, Cv 
2c 2m 2k 2cp v, 
CD,b CL,b CD , S CL,S 
T, deg b b b lm sq n/sec 
18.28 1.64 1.69 1.72 0.761 1.80 X 10-5 0.061 0.291 0.036 0.172 
18.13 2.40 2.44 2.47 .754 1.80 .081 .361 .033 .148 
18.16 3. 54 3 .59 3 .62 .716 1.80 .101 .445 .028 .124 
12 18.12 4.67 4.72 4.75 .689 1.80 .118 . 519 .025 .110 
18.13 5.66 5.72 5.74 .676 1.80 .132 . 578 .023 .101 
18.19 7.80 7.86 7· 88 . 637 1.80 .165 .692 .021 .088 
18.18 6.87 6. 92 6.95 .663 1.80 .152 .644 .022 .093 
r
13 1.87 1.92 1.94- ·719 1.80 .151 .493 .078 . 257 
18.19 2.88 2. 94- 2. 96 ·705 1.80 . 206 .653 .070 . 222 
18 18.13 4.00 4.05 4.07 .666 1.80 .259 .798 .064 .197 18.15 5. 92 5 ·97 6.00 .651 1.80 .346 1.027 .058 .172 
18 .13 7·10 7· 25 7.18 .641 1.80 .399 1.189 .055 .164 
18.18 7· 97 8.03 8.06 .628 1.80 .426 1. 253 .053 .156 
(c) Br ass model having sharp chines; no wind screen or spr ay shield 
r
28 1.54 1. 59 1.62 0.744 1.64 x 10-5 0.060 0 .286 0 .038 0.180 
18 .19 2·70 2·75 2.78 .709 1.64 .089 .388 .032 .141 
12 18.13 3.83 3.88 3. 91 .688 1.64 .105 .462 .027 .119 
18.22 4.74 4.80 4.82 .671 1.64 .120 . 528 .025 .110 
18.19 5.84 5.89 5. 92 .664 1. 64 .135 .595 .023 .101 
(d) Plastic model having sharp chines 
18.00 1. 24 1. 29 1.31 0·725 1.78 X 10-5 0 .0255 0.1542 0.0198 0.1195 
18.00 2.48 2.52 2.54 ·725 1.78 .0373 .2109 .0148 .0837 
18.00 3.58 3 .62 3.64 .718 1.78 .0463 . 2534 .0128 .0700 
8 ( 18.00 4.47 4 .52 4. 54 · 712 1. 78 .0529 . 2811 .0117 .0622 
18. 00 5.30 5.34 5.36 .708 1.78 .0582 .3087 .0109 .0578 
18.00 6.40 6.45 6.48 .692 1.78 .0671 .3406 .0104 .0528 
18 .00 7 ·53 7·57 7·59 · 701 1.78 .0749 .3740 .0099 .0494-
r93 1. 58 1. 62 1.65 .709 1.78 .0611 . 2885 .0377 .1781 12 17· 93 4.01 4.06 4 .08 .686 1.78 .1092 .4669 .0269 .1150 17·93 5·70 5 ·75 5·77 . 675 1. 78 .1374 .5773 .0239 .1004 18.10 7·77 7.82 7.85 .666 1.80 .1713 . 6889 .0219 .0881 
r~ 1.94- 1. 91 1. 86 .674 1.78 .1606 .4897 .0841 . 2564 18 17 · 93 2. 92 2 .96 2. 98 .679 1.78 . 2196 .6515 .0742 . 2201 17 · 93 5.14 5·19 5.21 .639 1. 78 .3166 .9363 .0610 .1804 
18.19 6. 94 6.99 7·02 .643 1.80 .3893 1.1310 .0557 .1618 
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TABLE r. - Concluded 
EXPERlMENTAL PLANING DATA OBTAINED FOR A RECTANGULAR FLAT PLATE 
(e) Plastic model having l/64-inch-radius chines 
Trim, Cv ~ ~ ~ 1cp v, CD,b CL,b CD,S CL,S T, deg b b b 1m sq ft/sec 
18.35 1.79 1.84- 1.86 0.711 1.67 X 10-5 0.0638 0.2950 0.0347 0.1603 
18.13 2.54 2·59 2.62 ·705 1.67 .0761 .3445 .0294 .1330 
18.19 3.59 3 .64 3.66 .708 1.67 .0972 .4222 .0267 .1160 
12 18.19 4.79 4.84- 4.87 .685 1.67 .1181 .4995 .0244 .1032 
18.16 5·52 5.56 5.59 .663 1.67 .1290 ·5399 .0232 .0971 
18.07 6.87 6. 92 6. 95 .663 1.67 .1550 .6297 .0224 .0910 
18.07 7. 60 7.66 7.69 . 651 1.67 .1662 .6764 .0217 .0883 
18.28 2.00 2.05 2.08 .708 1.67 .1615 .4869 .0788 .2375 
18.19 2.84- 2.90 2. 93 .684- 1.67 .2068 .6200 .0713 .2138 
18.19 3·79 3.84- 3.86 .672 1.67 .2508 .7438 .0653 .1937 
18 18.19 4. 92 4.98 5.00 . 646 1.67 .294-8 .8620 .0592 .1731 
18.13 5.89 5. 94- 5· 97 .645 1.67 .3380 .9789 .0569 .1648 
18.19 7·02 7.06 7.08 .644 1.67 .3911 1.1261 .0554 .1595 
18.22 7.76 7.82 7.84- .637 1.67 .4197 1.2055 .0537 .1542 
(f) Plastic model having 1/16-inch-radius chines 
18.13 1.64 1.68 1. 58 0.712 1.78 X 10-5 0.0272 0.1605 0.0162 0.0957 
18 .13 2.13 2.18 2.20 .751 1.78 .0320 .1820 .014'7 .0835 
18.00 3·50 3. 55 3. 58 .730 1.78 .0437 .2318 .0123 .0653 
8 18.00 4. 50 4.54 4. 56 .720 1.78 .0504 .2624 .0111 .0578 
17.86 5.38 5.43 5.45 .716 1. 78 .0586 .294-8 .0108 .0543 
17.93 6.49 6. 54 6.56 .706 1.78 .0654 .3257 .0100 .0498 
18.00 7· 53 7.58 7.61 .694- 1.78 .0713 .3487 .0094 .0460 
18.27 1.64 1. 69 1.71 .707 1.80 .0558 .2630 .0330 .1556 
18.27 2.62 2.68 2·70 .704 1.80 .0748 .3371 .0279 .1258 
18.27 3 .75 3.80 3.83 .692 1.80 .0931 .4081 .0245 .1074 
12 18.33 4.64 4.69 4.71 .689 1.78 .1116 .4728 .0238 .1008 
18.20 5·71 5·75 5·78 .678 1.78 .1288 . 5365 .0224 .0933 
18.13 6.76 6.82 6.84- .674 1.78 .1453 .5981 .0213 .0877 
18.13 7·81 7.86 7.89 .665 1.78 .1651 .6626 .0210 .084-3 
18.13 1.75 1.80 1.83 .686 1.78 .1463 .4466 .0813 .2481 
18.13 2.74 2·79 2.81 .683 1.63 .1987 .5903 .0713 .2118 
18.13 4.01 4.06 4.08 .660 1.78 .2498 .7429 .0616 .1832 
18 18.13 5.02 5.09 5.09 .649 1.78 .2917 .8566 .0573 .1683 
18.26 6.22 6.26 6.29 .641 1.78 .3389 ·9786 .0541 .1562 
18.13 6.90 6.95 6.99 .642 1.78 .3670 1.0627 .0528 .1529 
18.13 7.91 7.96 7·99 .641 1.78 .4068 1.1677 .0511 .1467 
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TABLE II 
EXPERIMENTAL DATA OBTAJNED FOR A PLANING SURFACE HAVING 
A 20° ANGLE OF DEAD RISE 
Trim, Cv 7.e 7.m 7.k 7.ep v, CD,b CL,b CD, S CL,S T, deg b b b 7. m s q rt/see 
18.31 1.68 1.90 2.12 0.708 1. 76 x 10-5 0.051 0.236 0.027 0.124 
18.13 2.16 2.39 2 .62 .721 1.73 .065 .275 .027 .115 
18.19 2.29 2.52 2.74 ·725 1.73 .068 .277 .027 .110 
12 18 .19 3.45 3.68 3.91 .696 1.73 .085 .353 .023 .096 18.19 4.27 4.48 4.68 .680 1.71 .099 .403 .022 .090 
18.19 5.49 5 ·70 5.91 .665 1.71 .114 .467 .020 .082 
18.13 6.29 6.38 6.73 .684 1.71 .128 .485 .020 .076 
18.29 7.09 7.29 7.49 .663 1.71 .146 . 554 .020 .076 
18. 47 1.80 1.93 2.06 .709 1.76 .129 .396 .067 .205 
18 .31 2.78 2.90 3 .03 .681 1.73 .174 .513 .060 .177 
18.28 3 .80 3 . 93 4.06 .663 1.73 . 212 .629 .054 .160 
18 18.13 4.72 4.85 4.98 .665 1.71 . 252 .742 .052 .153 
18.13 5.70 5.83 5 .95 . 643 1.71 .286 .840 .049 .144 
18.22 6.66 6.79 6. 92 .634 1.71 .326 .944 .048 .139 
18.16 7.81 7.94 8.06 .620 1.71 .373 1.064 .047 .134 
18.31 2.02 2.12 2.21 .680 1.76 . 257 .568 .121 .268 
18.25 3 .04 3.14 3 .20 .665 1.67 .349 ·772 .111 . 246 
18.16 3 .94 4. 03 4 .12 .649 1.72 .423 .931 .105 .231 
18.13 4. 90 4. 99 5.08 .625 1.72 .509 1.103 .102 . 221 
24 18.13 6.26 6 .35 6.44 .620 1.67 .610 1.314 .096 .207 18.19 7.06 7.14 7.24 .628 1.70 .671 1.442 .094 .202 
18.31 7.86 7.93 8.00 .616 1.54 .730 1. 586 .092 .200 
9.10 3.11 3 .19 3.28 .655 1.67 .348 .778 .109 .244 
9.11 4.12 4.19 4.27 .635 1. 67 .436 .968 .104 .231 
9.07 5.17 5. 24 5.33 .614 1.67 .529 1.148 .101 .219 
18.28 1.40 1.45 1.51 .660 1.63 .302 .523 .208 .361 
18.19 2.32 2.38 2.43 .624 1.63 .445 ·771 .187 .324 
18.19 3 .38 3 .44 3. 50 .630 1.63 .605 1.020 .176 .297 
30 18.37 3 .26 3 .32 3 .39 .637 1. 56 . 588 .993 .177 .299 18.31 4.27 4.32 4.38 .620 1.56 ·721 1.205 .167 .279 
18.31 5.38 5.43 5.49 .614 1. 54 .885 1.472 .163 .271 
18 .25 6. 51 6.55 6.62 .604 1.54 1.035 1·703 .158 . 260 
18.25 7· 21 7·27 7. 32 .609 1.54 1.156 1.876 .159 . 258 
18.13 1.54 1.61 1. 68 .622 1.63 .406 .610 .252 .379 
18.16 2.42 2.46 2.49 .632 1.63 . 590 .868 . 240 .353 
18.31 3.66 3 .70 3.75. .616 1.56 .821 1.184 . 222 .320 
34 18.25 4.68 4.71 4.74 .605 1.56 .994 1.432 .211 .304 
18.31 5 .61 5.66 5.69 .600 1.56 1.194 1.692 . 211 .299 
18.41 6.42 6.46 6. 50 .602 1. 54 1.337 1.867 .207 .289 
18.32 7·52 7.56 7. 60 ----- 1.54 ----- 2.192 ----- .290 
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TABLE III 
EXPERIMENTAL DATA OBTAINED FOR A PLANING SURFACE HAVING 
A 40° ANGLE OF DEAD RISE 
Trim, Cv 




07 0.58 1.14 1.69 0.756 1.72 X 10-5 0.025 0 .100 0.022 0 .088 
18 .07 1. 60 2.14 2 .68 .688 1.72 .041 .167 .019 .078 
18.13 2. 82 3.36 3. 91 .655 1.72 .060 .228 .018 .068 
12 ("'3 3.85 4.40 4. 95 .639 1.72 .072 . 273 .016 .062 18 .16 4.96 5. 51 6.06 . 634 1.72 .094- .331 . 017 .060 18 .16 5 .82 6.36 6. 95 .627 1.69 .102 .350 .016 .055 
18. 22 6. 99 7.52 8.06 .622 1.69 .120 .414 .016 .055 
ru 1.14 1.48 1.81 . 704 1. 72 .074 .219 ·050 .148 18 .13 2.28 2.59 2. 90 .661 1.63 .119 .339 . 046 .131 18 .19 3 .40 3.71 4. 01 . 649 1.72 .156 .456 . 042 .123 18 18.19 4.32 4.65 4. 98 . 631 1.67 .195 . 539 . 042 .116 
118 .13 5.42 5·74 6.04 .617 1.72 . 224 .626 .039 .109 
l18 .25 6.36 6.67 6. 99 ----- 1.69 . 253 .700 .038 .105 
18 .16 7.46 7·77 8.07 .605 1.69 .280 .761 .036 .098 
r18 .13 1.71 1.91 2.10 .633 1.63 . 170 .371 .089 .194-i 18.13 2.60 2.80 2. 99 .630 1.72 . 235 . 515 .084 .184 (8.,6 3.82 4.03 4 .24 .618 1.72 .314 .673 .078 .167 18 .16 4.57 4.75 4. 93 .611 1.72 .356 .760 .075 .160 
18 .19 5. 74 5. 92 6.11 .6n 1.67 .456 . 953 .077 .161 
24 18.13 5 .84 6.01 6.19 .616 1.72 .463 . 962 .077 .160 
18. 16 6 .85 7.04 7.24 . 596 1.69 . 500 1.056 .071 .150 
18.16 7.61 ·7.79 7. 96 .602 1.69 .553 1.151 .071 .148 
9.14 2.63 2.80 2. 99 .622 1.67 .235 . 512 .084 .183 
9.13 3 .78 3. 98 4.17 .6n 1.67 .318 .689 . 080 .173 
9.08 4 .81 5.02 5·20 .601 1.67 .402 .828 .080 .165 
18 .13 1.15 1.27 1.39 .627 1.63 .185 .318 .146 .250 
18.16 2.04 2. 14 2.25 .623 1.63 .295 . 505 .138 .236 
18 .13 3 .05 3 .14 3. 24 .610 1.63 .424 ·722 .135 .230 
30 18 .13 4.05 4 .13 4. 23 .615 1.63 . 545 . 909 .132 .220 
18.31 4. 95 5 ·01 5.12 .597 1.58 .626 1.032 . 125 .206 
18. 25 6 .01 6.07 6.12 . 587 1.58 . 753 1.238 .124 .204 
18 .19 7.47 7. 53 7. 58 .579 1.58 . 911 1.483 .121 . 197 
r18 .07 1.29 1.37 1.48 .617 1.63 .255 .377 .186 .275 
18.25 2.38 2.46 2·55 .628 1.63 .445 .649 .181 . 264 
18 .13 3 .10 3.16 3.22 . 612 1.63 . 547 .790 .173 .250 
34 18.19 4 .20 4 .22 4. 25 . 617 1.58 . 692 . 996 .164 . 236 
18 .33 5 .32 5.35 5.38 . 585 1.58 . 883 1.263 .165 . 236 
18.33 6.35 6.12 6.40 . 583 1.58 . 991 1.401 .162 . 229 
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Figure 3·- Variation of crossflow drag coefficient for var ious types of 
planing surfaces. 
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(b) Effective angle of dead rise, 310 59'. (See ref. 26.) 
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(c) Proposed theory and references l7, l8, and 21. 












































































~/ ' ,../ 
// 
~,-_/ 
?/ / / 
.4/, ,. / 
AL.,/ hr:. 
"-/ ,-
,,'/---- Propose<l the o ry (eq . (2})) , / 
/. / 
-:/" ----- Crewe (.q . (5)) 
F'arsh1ng (eq . (2)) 
Korvln - Kroukovsky , 
Savitsky , and LehmQn (eq . (6) 
I 
4 8 12 16 20 24 28 }2 0 4 8 12 16 20 2L. 28 }2 
Tr im , T, deg .Tr im , T, deg 
/ . 4 
,- en 
~ = 1m _ ...," <> 
b 
~ 





b ~ ---'" .," . } 
-- .......--
c ~::.-- , ! ; ~ .... - ~ .... " .... 
~ -- .... .... . 2 
- ----
.. 
?-- -- 1) ., 






4 8 12 16 20 2L. 28 }2 0 4 8 12 16 20 2L. 28 }2 
Trim , T, deg Trim ,', deg 
(d) Proposed theory and references 12, 14, and Crewe's equation (eq. (5)). 










.6 r ~/ . 6 ~ 
/ :x> 
> ~ .5 t- ~ = 1/2 ~,/ . ) !:.m ;/ b b 
,/ 
"/ V) ,/ ~ / \0 ,/ 
...; / ~ S·4 ,/ u .4 '" \0 / / 
u ,/ ~ / 
c 




..... ~ . 3 ,/ <., . 3 ,/ 
~ / <., / ~ 
... /" 0 / 
... 
" 
/ ~ ;/ ~ / 0 
" . 2 :>" ~ . 2 "/ 
.. :>" 
.., / 
::: " .., 
" 
"/ 





. 1 ,.. - - - - 5r.uford ( ref . 1 ) 
.-
I I I I I I I 
0 4 a 12 16 20 24 28 32 0 4 3 12 16 20 24 2d 32 
Trim , r, deg Trim , T, deg 
.4 V) .4 
'" ...; 




. 3 ..- c 




..... /' <., 
... ..- <., 
... ..- ~ 
" 
. 2 ..- 0 




~ ..- ... ~/ ... ;:l ..... 
'" . 1 
. 1 
<,-'" 
0 4 a 12 16 20 24 29 32 0 4 a 12 16 20 24 28 32 
Tr i m, r, deg Tr i m, T, deg 
(e) Proposed theory and reference l. 
Figure 7·- Concluded. 
~ 
~ 
. 6 r . 6 
~ / 
.5 ~ :m = 1 f ~ = 1/2 b Proposed theory (eq . (23» ·5 r / - - -- Locke (eq . (7» / ,/~ ---- Korv.ln - Kroukovsky , 
/ ,,-
Savitsky, and Lehman (eq . (6» 
.4 ~"-"",, u:. .4 H ,/ 
(I) u ~,/ 
,/ 
..i' ,,- " ..," f!;,,"- " u C // ,/ . 3 ~ . 3 ~/ ..," 0 
C / .... 
" 
... "/ .... ... ~/ 0 
" .... 0 
... 
. 2 0 .2 
... ....-
., .., ~ 0 ... 0 .... 
.., H ..... 
..... 
'-
.1 .-j .1 ~ 
~ / ~ 
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32 
Trtm, r , deg Trtm , .,-. d e g 
.4 r . 4 
~!11 = 3 ~m = 6 
b rn b en 
i . 3 i . 3 
" 
..," .., 
c , c 
" 
.;." " .... .... 
~ . 2 ,--~ ~ .2 
'- ..... ' -- '-
'-
..... /~ ... 
" " 0 
-- ---
0 
0 /-:::: 0 





0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32 
Tr tm , .,-, deg Tr im , r, deg ~ 
~ 
(a) Proposed theory with references 14 and 17. ~ 
\>J 
\0 
Figure 8.- Variation of lift coefficient with trim for a surface having an angle of dead rise \>J \0 
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Figure 11. - Comparison of the results calculated from the proposed theory 
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Figure 16 .- Comparison of total drag with induced drag . 
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Figure 18.- Concluded. 
NACA TN 3939 
D D D 13 "D 
4 Lm 6 8 10 
b 
Trim = 30° 
.3 2 
o Wind screen, spray shield 
. 28 o No "Wind screen 
6. No wind screen or spray shield 
























I ~ 12 
.08 
.0L 
o 3.2 t L.8 
m 
5.6 6.L 8.0 8.8 7.2 
b 





























o .8 1.6 2.L 3.2 
Wind scree~ spray shield 





o Wind screen, spray shield 0\ 
o No wind screen 
tJ. No wind screen or s pray shield 
Trim,1, deg 
::::-:::--a= - ~ . t::: --&l 
18 
12 
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Figure 30.- Lift coefficient due to buoyancy for various speed coeffi-
cients. (Data of ref. 31.) Calculated value of CL S was determined , 
from equation (20) with CD c = 1.15 (see fig. 32(c)). , 
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Figure 31.- Comparison of proposed theory with experimental lift coeffi-
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(f) Data of Wadlin and McGehee (ref. 31). 
Figure 31.- Continued. 
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Figure 31.- Continued. 
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(a) Data of present report (1/16- inch-radius chines). 
Figure 32.- Comparison of proposed theory with experimental lift coeffi-
cients for rectangular-flat-plate planing surfaces having rounded 
chines. 
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Figure 33.- Comparison of proposed theory with experimental lift coeffi-
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Figure 34.- Comparison of proposed theory with experimental lift coeffi-
cients for a surface having a 400 angle of dead rise. 
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Figure 35.- Comparison of proposed theory with experimental lift coeffi-
cients for a model having a 500 angle of dead rise. (Data of Springston 
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(a) Data of Kapryan and Weinstein (ref. 13). 
Figure 36.- Comparison of proposed theory with experimental lift coeffi-
cients for a surface having a basic angle of dead rise of 200 and 
horizontal chine flare. 
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Figure 37 . - Comparison of proposed theory with experimental lift coeffi-
cients for a surface having a basic angle of dead rise of 400 and 
horizontal chine flare. 
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Figure 38.- Comparison of proposed theory with experimental lift coeffi-
cients for a surface having a basic angle of dead rise of 200 and 
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Figure 39.- Comparison of proposed theory with experimental lift coeffi-
cients f or a surface having a basic angle of dead rise of 400 and 
vertica l chine strips. (Data of Kapryan and Boyd (ref. 26).) 
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Figure 41 . - Comparison of proposed theor y with experimental lift coeffi -
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Figure 42.- Variation of center-of-pressure location with mean wetted-
length--beam ratio f or rectangular-flat-plate planing surfaces. 
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Figure 43.- Variation of center-of-pressure location with mean wetted-
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(b ) Data of Chambliss and Boyd (ref . 28). 
Figure 43.- Continued. 
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Figure 44.- Variation of center-of-pressure l ocation with mean wetted-
length--beam ratio for a surface having a 400 angle of dead rise . 
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Figure 44 . - Concluded. 
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Figure 45 .- Variation of center-of-pressure location with mean wetted-
1ength--beam ratio for a mode l having a 500 angle of dead rise. (Data 
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Figure 46.- Variation of center-of-pressure location with mean wetted-
length--beam ratio for a surface having a bas i c angle of dead rise of 
200 and horizontal chine flare. 
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Figure 47.- Variation of center-of-pressure location with mean wetted-
length--beam ratio for a surface having a basic angle of dead rise of 
400 and horizontal chine flare. 
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Figure 47.- Concluded. 
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Figure 48 .- Variation of center- of-pressure locat i on with mean wetted-
length--beam ratio for a surface having a basic angle of dead rise of 
200 and vertical chine strips . (Data of Kapryan and Boyd (ref . 26). ) 
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Figure 49 .- Variation of center- of -pressure location with mean wetted-
length--beam ratio for a surface having a basic angle of dead rise of 
40° and vertical chine str ips . (Data of Kapryan and Boyd (ref. 26 ).) 
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Figure 50.- Variation of center-of-pressure location with length-beam 
ratio for triangular-flat-plate surfaces planing with base forward. 
(Data of Wadlin and McGehee (ref. 31) and unpublished tank no. 2 data.) 
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